The ability to individually manipulate the increasing number of qubits is one of the many challenges towards scalable quantum information processing with trapped ions. Using micro-mirrors fabricated with microelectromechanical systems (MEMS) technology, we focus laser beams on individual ions in a linear chain and steer the focal point in two dimensions. We demonstrate sequential single qubit gates on multiple 171 Yb + qubits and characterize the gate performance using quantum state tomography. Our system features negligible crosstalk to neighboring ions (< 3 × 10 −4 ), and switching speed comparable to typical single qubit gate times (< 2 µs).
The ability to individually manipulate the increasing number of qubits is one of the many challenges towards scalable quantum information processing with trapped ions. Using micro-mirrors fabricated with microelectromechanical systems (MEMS) technology, we focus laser beams on individual ions in a linear chain and steer the focal point in two dimensions. We demonstrate sequential single qubit gates on multiple 171 Yb + qubits and characterize the gate performance using quantum state tomography. Our system features negligible crosstalk to neighboring ions (< 3 × 10 −4 ), and switching speed comparable to typical single qubit gate times (< 2 µs).
Trapped ions are one of the leading candidates to be used as quantum bits (qubits) for quantum information processing (QIP) due to their high fidelity logic operations available 1, 2 . Single and multi-qubit gate operations have been performed on trapped ions using lasers or microwave fields [3] [4] [5] [6] . Extending these operations over multiple qubits with individual qubit addressing has been accomplished by using acousto/electro-optic modulators to steer laser beams 7, 8 , or engineering magnetic field gradients at the ion location 9 . As the number of qubits in a QIP system increases, one needs a scalable approach to manipulate each individual qubit [10] [11] [12] . In this letter we utilize a two-dimensional beam steering system based on MEMS mirrors 13 to steer laser beams across a chain of trapped 171 Yb + ions. We characterize the crosstalk of the laser beam onto neighboring sites, measure the switching speed between two target sites, and characterize the fidelity of single qubit gate operations performed on a pair of trapped ion qubits.
Our qubit is defined by the two hyperfine ground states of the 171 Yb + ion, |0 ≡ 2 S 1/2 |F = 0, m f = 0 and |1 ≡ 2 S 1/2 |F = 1, m f = 0 (Figure 1 (a) ). Doppler cooling, optical pumping for qubit initialization, resonant scattering for qubit detection, and repump from the 2 D 3/2 level are all performed using continuous wave (CW) external cavity diode lasers 14 . The ion is prepared in the |0 state by applying light resonant with the 2 S 1/2 |F = 1 → 2 P 1/2 |F = 1 transition for 20 µs 14 . For state detection, the ion is exposed to light resonant with the 2 S 1/2 |F = 1 → 2 P 1/2 |F = 0 14,15 transition. If the ion is in the |0 state, the light is not resonant with any allowed transitions and the ion does not scatter any photons. If the ion is in the |1 state, the ion will scatter photons at a known rate due to the cycling transition between the 2 S 1/2 |F = 1 and 2 P 1/2 |F = 0 states. Single quit rotations between the |0 and |1 state can be driven by a stimulated Raman transition using two a) Electronic mail: jungsang@duke.edu laser beams with a frequency difference resonant with the hyperfine splitting, ∆ hf = 12.6 GHz (Figure 1(a)) 3 . For our experiments, frequency combs from phase-locked ultra-fast lasers are used to drive Raman transitions 16 . We use a picosecond titanium-sapphire laser with a center frequency close to 752 nm and a 76 MHz repetition rate. The laser frequency is doubled to produce a center wavelength of 376 nm, which is red-detuned from the ion's 2 S 1/2 |F = 1 → 2 P 1/2 |F = 0 resonance by approximately δ = 14 THz. An acousto-optic modulator (AOM) is used to shift the two frequency combs relative to each other. We use a direct digital synthesizer (DDS) to set the modulation frequencies, allowing for digital control of the frequency, amplitude, and phase of each comb. The frequency shift is stabilized so that the frequency difference between the two Raman beams plus an inte- ger multiple of the repetition rate spans the hyperfine splitting 3, 16 . Co-propagating Raman beams are implemented by driving an AOM with two modulation frequencies and are circularly polarized with respect to the quantization axis defined by the magnetic field.
The ion trap is a micro fabricated radio frequency Paul trap designed and fabricated by Sandia National Laboratories (inset in Figure 1(b) ) 3 , mounted in a 4.5-inch ultra-high vacuum spherical octagon chamber (Kimball Physics). Chains of ions are trapped 80 µm above the trap surface. A custom re-entrant viewport allows us to position an anti-reflection coated window 11 mm from the trap surface, and we image the ion through the re-entrant viewport with a custom 0.6 NA objective lens (Photon Gear, Inc.) 15 . Further imaging optics magnify the ion image by ∼200x (see Figure 1 (a)) onto a 32-channel segmented photomultiplier tube (PMT) with custom readout circuitry. Each segment of the PMT detects light scattered from a single ion in the chain, enabling parallel readout of multiple qubits in the chain.
Beam steering of the Raman laser is accomplished by using two one-dimensional MEMS mirrors 17 tilting in orthogonal directions. The mirrors are fabricated on a single substrate (Figure 1(c) ) using Sandia's SUMMiT V process 18 allowing for a single system to be scaled to multiple beams across a variety of wavelengths 19, 20 . The mirrors consist of a 125 µm radius polysilicon plate with a 30 nm thick aluminum coating which allows for maximum reflectance at 376 nm wavelength while minimizing the stress that induces curvature on the plate. The beam waist of the incoming Raman beam is focused onto the first of the MEMS mirrors, and a folded 2f -2f imaging system projects the beam waist onto the second MEMS mirror 19 . By applying an actuation voltage between the grounded mirror plate and underlying electrode, the mirrors can be tilted by an angle θ (beam tilt angle of 2θ). The voltage is supplied by a custom digital-to-analog converter (DAC) circuit followed by a fast high-voltage amplifier. A lens placed a focal length f away from the second mirror translates the tilts of the laser beam reflecting off the mirrors to a vertical and horizontal shift of 2θ * f in the Fourier plane. The resulting output beam is then demagnified and projected onto the ion location through the same 0.6 NA lens used as the imaging system. This is accomplished by using a dichroic filter that reflects the Raman beam (at 376 nm) and transmits the light scattered by the ion (at 369.5 nm). The Raman beam is perpendicular to the trap surface, allowing it to pass through the slot in the middle of the ion trap 3 .
For the first experiment, we characterize the amount of crosstalk from the Raman beam on neighboring ion sites separated by approximately 7. show the probability of the ions to be in the |1 state as a function of the duration of the Raman beam, T . The amount of time needed in order to transition the ion from the |0 state to the |1 state is τ π,A = 13 µs and τ π,B = 15 µs for ion A and ion B, respectively. The variation between τ π,A and τ π,B is due to intensity variation of the Raman beams between the two experiments. After 5 ms (∼350 τ π,A(B) ), the probability of the target ion to be in the |1 state averages to 0.5 due to the laser intensity drift, while that for the neighboring ion stays low (∼0.005 for ion B ∼0.024 for ion A). From the ratio of the Rabi frequencies between the target and neighboring ion, we estimate that the amount of intensity crosstalk at the neighboring ion is 1.3 × 10 −4 on ion B and 2.9 × 10 −4 on ion A. Response time of the MEMS mirrors when switched between two neighboring ion sites. Region I is the case where the π-pulse finishes before tm, which results in a full π-pulse on the ion site corresponding to voltage set #1. Region II corresponds to when the π-pulse extends past tm but ends before ts, resulting in a partial π-pulse experienced by the ion site corresponding to voltage set #1. Region III corresponds to when the π-pulse begins before tm and ends after ts, which results in a partial π-pulse on both ion sites corresponding to both voltage sets. Region IV is the case when the π-pulse is started after tm but before ts, which results in the ion site corresponding to voltage set #2 experiencing a partial π-pulse. Region V is the case where the π-pulse starts after ts, resulting in a full π-pulse on the ion site corresponding to voltage set #2. The time for the mirrors to switch completely from one ion site to the other is approximately 1.1 µs.
In order to estimate the beam waist at the ion location, the Raman beam is parked at halfway between the location of the two ions, and τ π,A and τ π,B are measured. Leaving the Raman beam at the same location, a single ion is loaded to the middle position (location C) and its corresponding τ π,C is measured. The power of the Raman beam and the spacing of the two ions is known, so the beam waist can be calculated from the ratio of τ π,A (τ π,B ) and τ π,C assuming a Gaussian beam. From this measurement, we estimate the beam waist to be ∼3.3 µm, which should lead to an intensity crosstalk of < 5 × 10 −5 . An imperfect Gaussian beam shape and unwanted scatter (< −30 dB) could be the cause of the difference between the measured and estimated crosstalk.
In order to characterize the switching time between two neighboring ion sites, we measure the response time of the MEMS by switching the Raman beam on and off of a single ion. First, we align the Raman beam on the single ion using voltage set #1. We also identify voltage set #2 that shifts the Raman beam to a neighboring site, separated by the distance between two trapped ions (∼7.4 µm). After initializing the ion to the |0 state, the pulsed laser is turned on for τ π,1 = 1.5 µs at time t. The voltages applied to the MEMS electrodes are switched from set #1 to set #2 at t = 0 (Figure3(a) ). The state of the ion is then measured by state-dependent fluorescence after the Raman π-pulse is complete. The response time of the MEMS beam to move off the ion can be inferred by monitoring the rate at which the Raman transition is suppressed (blue triangles in Figure 3(b) ). Next, the experiment is repeated by re-aligning the Raman beam to hit the ion when voltage set #2 is applied to the MEMS electrodes (τ π,2 = 1.3 µs). For this case, the beam starts off the ion when voltage set #1 is used, and then comes onto the ion as the voltages are triggered to set #2. The rate at which the Raman transition is activated (red dots in Figure 3(b) ) indicates the time scale over which the MEMS beam moves onto the ion. The total time it takes to switch the MEMS mirrors to a neighboring ion site can be calculated from the time between the cases where both ion sites experience a full π-pulse, less τ π,1 (or τ π,2 ). The calculated switching time from this data is approximately 1.1 µs. The slope of the response curve is limited by the τ π,1 we can achieve with our current optical power and beam waist. Our final experiment measures the fidelity of two sequential single qubit gates on a pair of ions using quantum state tomography. Quantum state tomography reconstructs the full density matrix of the qubit state by projecting each qubit into the |0 ,
(|0 + |1 ), and
(|0 + ı |1 ) bases 21 . We first prepare both qubits in the |0 state. The MEMS mirrors then tilt to aim the addressing beam at ion A and the Raman beam is turned on for the first single qubit gate operation. After the Raman beam is turned off, the MEMS mirrors aim the addressing beam at ion B. Then the Raman beam is turned on for the second single qubit operation. The Raman beam is redirected back to ion A and the qubit is rotated to one of the three measurement bases by applying the appropriate gate:
. Af-ter rotating ion B to the same measurement basis, both qubits are measured using state-dependent fluorescence. This sequence is performed again with the same single qubit operations for each of the other two measurement bases. Table I shows different combinations of sequential single qubit gates on ion A and ion B along with the respective gate fidelities measured using state tomography. The fidelity of the preparation and measurement in the |0 state is 0.998 and the fidelity of measuring the |1 state is 0.991 in this experiment. The overall gate fidelities are currently dominated by our state preparation and measurement (SPAM) errors. In order to isolate the gate fidelities from SPAM errors, one can use randomized benchmarking technique 22 . This letter has demonstrated the individual addressability of trapped 171 Yb + ion qubits in a chain with a two-dimensional MEMS beam steering system. The system produces low crosstalk on neighboring ion sites at a level < 3 × 10 −4 with a beam waist at the ion location of ∼3.3 µm. Fast switching speeds (∼1.1 µs) comparable to the single qubit gate times allow for minimal wait times between qubit operations at different ion locations. Sequential single qubit operations on a pair of ions were performed and were characterized with state tomography. This demonstrates the feasibility of utilizing a MEMS-based beam steering system as a scalable and practical solution to individual addressing of trapped ions.
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